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Abstract.—Due to their high reliability and luminous 
efficacy, HB-LEDs are being widely used in lighting 
applications and, therefore, their power supplies are required 
to have also high reliability and efficiency. A very common 
approach for achieving this in ac-dc applications is using a 
two-stage topology. The Power Factor Corrector Boost 
converter operating in Boundary Conduction Mode is a very 
common converter used as first stage. It is normally designed 
without electrolytic capacitors, improving reliability but also 
increasing the low-frequency ripple of the output voltage. The 
Asymmetrical Half-Bridge (AHB) is a perfect option for the 
second stage as it has very high efficiency, it operates at 
constant switching frequency and its output filter is small 
(i.e., it can be also easily implemented without electrolytic 
capacitors). Moreover, the AHB is an excellent candidate for 
Self-Driven Synchronous Rectification (SD-SR) as its 
transformer does not have dead times. However, the standard 
configuration of the SD-SR must be modified in this case in 
order to deal with the transformer voltage variations due to 
the input voltage ripple and, more important, due to the LED 
dimming state. This modification is presented in this paper. 
Another important issue regarding the AHB is that its closed 
loop controller cannot be very fast and it cannot easily cancel 
the previously-mentioned low-frequency ripple. In this paper, 
a feed-forward technique, specifically designed to overcome 
this problem, is also presented. 
The experimental results obtained with a 60-W 
topology show that efficiency of the AHB may be very high 
(94.5%) while the inherent control problems related to the 
AHB can be overcome by the proposed feed-forward 
technique. 
Keywords: LED drivers, ac-dc converter, dc-dc 
converter, Asymmetrical Half Bridge, self-driven 
synchronous rectification, low-output voltage. 
I. INTRODUCTION 
High-Brightness Light Emitting Diodes (HB-LEDs) 
are considered the future trend in lighting applications for 
several reasons [1, 2]. On the one hand, their theoretical 
luminous efficacy is the highest one. In fact, nowadays 
their efficacy (150 lm/W) is only exceeded by low-
pressure sodium technology (around 190 lm/W). On the 
other hand, their reliability is very high, reaching more 
than 50,000 hours of lifetime. Besides, there are many 
other reasons that make HB-LEDs standing out in 
comparison to the other lighting devices: they are 
environmentally friendly, they are resistant to shock and 
vibrations as they are solid-state devices, they have a wide 
chromatic variety, etc. 
The main issue regarding their power supplies is 
that they should have the same advantages as HB-LEDs 
have: high efficiency and high reliability. Other important 
feature frequently demanded to these power supplies is 
galvanic isolation [3] (sometimes due to regulations and 
sometimes due to customer requirements). Besides, Power 
Factor Correction is mandatory in all ac-dc converters in 
order to comply with IEC61000-3-2 Regulation (in class C 
if the input power is higher than 25 W and in class D if the 
input power is smaller than 25 W). Therefore, many high-
efficiency high-reliability topologies for LED-lighting 
applications have been presented recently in the literature 
[4]. All the existing topologies can be classified attending 
to their number of stages: one, two or three. 
While one-stage and integrated two-stage 
topologies [5-7] are the preferred option when cost is of 
primary concern, two [8-10] and three-stage [11] 
topologies are chosen when efficiency and reliability are 
the main design targets. For example, street lighting is an 
application in which the cost of the LED driver is less 
significant than its efficiency due to the amount of energy 
consumed by street lighting every day. Besides, the cost of 
maintaining and replacing this kind of drivers is very high 
and, therefore, reliability is a key point [12]. Hence, street 
lighting is an application in which two or three-stage 
topologies are the preferred option. On the other hand, 
one-stage topologies are usually chosen for home and 
commercial applications, such as LED-based replacement 
lamps [13]. 
A two-stage topology based on the Boost converter 
as first stage and the AHB as second stage has already 
been presented in [14]. The Boost converter, working as 
Power Factor Corrector (PFC), may reach efficiency as 
high as 97-98%. Besides, it may be built without 
electrolytic capacitor, boosting its reliability and reaching 
a lifetime similar to the one that HB-LEDs have. The AHB 
[15-19] is in charge of providing the galvanic isolation and 
regulating the output voltage, if several LED strings are 
supplied by the same converter [20-22], or the output 
current, if each LED string has its own second stage (see 
Fig. 1a and Fig. 1b). As explained in [14], this topology 
has proven to be a perfect option for lighting applications: 
its efficiency is very high (reaching 94%) and the size of 
the output filter is very small, making possible to 
implement it without electrolytic capacitors. Therefore, the 
two main requirements for LED-based lighting 
applications are fulfilled. Nevertheless, [14] deals with a 
high-voltage (140 V), low-current (0.350 A) street lighting 
application where Synchronous Rectification (SR) is not 
needed. In this paper, the AHB is designed for a 
completely-different low-voltage (12 V), high-current (5 
A) application and, as a consequence, Synchronous 
Rectification (SR) is mandatory for reaching high 
efficiency. It should be noted that the AHB is a perfect 
candidate for Self-Driven (SD) SR technique [19]. 
Nevertheless, the SD-SR technique must be adapted in 
order to deal with the fact that the transformer voltage 
varies with the input voltage ripple and with the LED 
dimming state. 
Another important task of the AHB in this 
application is counteracting the low-frequency ripple that 
affects the output voltage of the PFC due to the absence of 
an electrolytic capacitor at the output of this stage (see Fig. 
1) [23-26]. This attenuation is mandatory because if the 
ripple reaches the output of the second stage (i.e., the 
AHB), the emitted light will be affected by flickering [27, 
28]. Moreover, the amount of light emitted by LED strings 
is nearly proportional to the amount of current driven by 
them [1]. Considering the low value of the dynamic 
resistance of this kind of devices, the relative value of the 
low-frequency ripple affecting the voltage applied to the 
LED string will turn into a considerably higher relative 
value of the current ripple. Therefore, even the lowest 
ripple in the second stage output voltage may turn into 
considerable light flickering. Obviously, the second stage 
cannot use electrolytic capacitors either. Therefore, this 
ripple attenuation has to be accomplished by means of the 
closed loop regulation of the AHB. Nevertheless, the AHB 
has some limitations for obtaining a fast response due to its 
complex output voltage-control transfer function [15]. This 
problem becomes worse when the switching frequency is 
lowered in order to improve the efficiency when SD-SR is 
used. In this paper, a straightforward feed-forward 
technique is presented in order to overcome the 
aforementioned control limitations. 
This paper, which is only focused on the AHB 
(second stage) as the Boost converter (first stage) is an 
already-well-known topology, is organized as follows. In 
section II, the main features regarding the AHB are 
reviewed. In section III, the SD-SR technique is detailed. 
In section IV, the feed-forward technique specifically 
designed for this converter is explained. Finally, in section 
V all the experimental results are gathered while in section 
VI the conclusions are presented. 
II. REVIEW OF THE MAIN FEATURES OF THE AHB 
In this section, only the main characteristics of the 
AHB will be explained in order to provide the necessary 
background to the following sections. A deep explanation 
regarding the optimized design of the transformer and the 
achievement of the Zero-Voltage Switching (ZVS) is not 
going to be given here as it can be found in [14]. 
The schematic of the AHB can be seen in Fig. 2. Its 
main feature is that primary switches are driven with 
complementary signals and, consequently, one of them is 
always turned on. As the volt-second balance in the 
magnetizing inductance has to be maintained, these 
complementary driving signals imply that the voltages of 
the input capacitors are not necessarily equal: 
C1 gV (1 D)·V= −
, 
(1)   
C2 gV D·V=
, 
(2)   
where VC1 and VC2 are the voltages across the input 
capacitors C1 and C2, D is the duty cycle of M1 and Vg is 
the input voltage. 
The volt-second balance in the output inductor 
leads to the following equation: 
o 1 C1 2 C2V n ·V ·D n ·V ·(1 D)= + −
. 
(3)   
where Vo is the output voltage of the AHB and n1 and n2 
are the turns ratios of the transformer. 
Substituting (1) and (2) into (3), we obtain: 
o g 1 2V V ·D·(1 D)·(n n )= − +
. 
(4)   
As it can be seen, the output voltage is not linear 
dependent on the duty cycle. This is a key point in the 
feed-forward design that will be presented in section IV. 
Fig. 1. Proposed two stage topology a) with one second stage per 
LED string; b) with one second stage common to all LED strings 
(equalizers or post-regulators are then required). 
For the SD-SR presented in section III, it is 
important to notice that the voltage across the secondary 
side of the transformer (considering both secondary 
windings) is: 
tr _ 2 tr _1 1 2V V ·(n n )= +
, 
(5)   
so Vtr_2 only presents two possible values depending on the 
state of the primary switches: 
tr _ 2 g 1 2V (1 D)·V ·(n n )= + − +
, 
(6)   
when M1 is turned on, and 
tr _ 2 g 1 2V D·V ·(n n )= − +
, 
(7)   
when M2 is turned on. As it can be seen, even when the 
input voltage is constant, the voltage of the secondary side 
of the transformer may vary due to the duty cycle 
variations that take place due to dimming. Therefore, the 
standard SD-SR technique is not valid and it has to be 
wisely modified in order to obtain suitable driving signal 
for the SR MOSFETs. 
III. SELF-DRIVEN SYNCHRONOUS RECTIFICATION 
For low-voltage high-current application (such as 
the one explained in this paper), SR is mandatory in order 
to achieve high efficiency. Among all the possibilities, SD-
SR is the simplest one as the driving signals of the SR 
MOSFETs are obtained from the secondary winding of the 
transformer. Therefore, no additional controllers are 
necessary and no problems with programmed delays will 
appear. Nevertheless, the SD-SR is a more desirable 
approach when the peak value of the voltage across the 
secondary winding does not change when the output 
voltage is modified. If the voltage across the secondary 
winding does not change with the output voltage 
variations, the driving circuit can be easily designed in 
order to assure that the driving signals of the SR 
MOSFETs are inside the acceptable voltage limits. In the 
AHB, the voltage in the secondary side of the transformer 
depends not only on the input voltage but also on the duty 
cycle (see (6) and (7)). Therefore, the voltage applied to 
the gate of the SR MOSFETs is variable and, for certain 
duty cycles, it may reach unacceptable voltage levels. In 
Fig. 3, the voltages applied to the gates of the SR 
MOSFETs are shown for the whole input voltage range 
Also, this figure shows the maximum VGS (exceeding this 
voltage would mean the breakdown of the MOSFET) and 
the minimum one (any VGS lower than this limit will not 
properly bias the MOSFET). As can be seen in Fig. 3, 
there are certain values of Vg that implies the breakdown 
of one or both devices (in fact, MSR_1 would break for any 
possible value of Vg). 
A possible solution is using a zener diode in order 
to clamp the voltage applied to the gate of the SR 
MOSFETs and a capacitor that will withstand the 
exceeding voltage (see Fig. 4a). The main problem is that 
this capacitor is constantly charging and discharging and 
that implies switching losses in the converter. Besides, its 
capacitance has to be larger than the gate capacitance of 
the SR MOSFET for a proper operation, increasing 
switching losses even more. Nevertheless, it is possible to 
solve this problem with a straightforward approach that 
adapts the voltage of the driving signals to an acceptable 
value while reducing the switching losses. 
As can be seen in Fig. 4b, instead of using the zener 
diode for clamping the voltage across the SR MOSFET 
Fig. 2. Schematic of the proposed AHB. 
Fig. 3. VGS of MSR_1 and MSR_2 for the maximum and 
minimum output voltage and for the whole input voltage 
range. 
(V =425 V, V =450 V, V =400 V, n =0.084, 
gate, the zener diodes DZ_1 and DZ_2 are used for clamping 
the voltage across the capacitors CSR_1 and CSR_2. Although 
this scheme is less effective than clamping the gate voltage 
directly, it allows us to use diodes DSR1_a and DSR1_b in 
order to define one circuit for charging the gate 
capacitance (Fig. 5a) of MSR1 and a different one for 
discharging it (Fig. 5b). Diodes DSR2_a and DSR2_b develop 
the same function for MSR2. When Vtr_2 is positive and 
MSR1 has to be turned on, diode DSR1_b is directly biased 
and capacitor CSR1 is charged to a voltage equal to the 
zener voltage VZ_1 while the voltage applied to the gate of 
MSR1, VGS_1, is defined by the following equation: 
GS _1 g 1 2 Z _1V (1 D)·V ·(n n ) V= − + −
, 
(8)   
When the voltage Vtr_2 is negative and MSR2 is 
turned on, diode DSR1_b is reverse biased, leaving the 
capacitor CSR1 charged with a voltage level equal to VZ_1. 
Besides, the gate of MSR1 is discharged through MOSFET 
MSR2, which is turned on, and diode DSR1_a. The same 
explanation is valid for the SD-SR circuitry of MSR2. 
Therefore, the equation that defines the voltage across the 
gate of MSR2, VGS_2, is: 
GS _ 2 g 1 2 Z _ 2V D·V ·(n n ) V= + −
. 
(9)   
As can be seen, switching losses are reduced as the 
capacitors CSR1 and CSR2 are not constantly charged and 
discharged. 
In Fig. 6, voltages VGS_1 and VGS_2 are represented 
for the whole input voltage range when the proposed 
circuit is used. As it can be seen in this figure, VGS_2 is 
inside the acceptable limits for any valid input and output 
voltages when VZ_2=3 V. Nevertheless, VGS_1 is going to 
exceed one of the limits. As exceeding the upper limit 
implies the MOSFET breakdown, the value of VZ_1 should 
assure that this limit is not exceeded. Nevertheless, this 
means that for certain values of the input voltage, VGS_1 is 
not as high as it should be in order to keep moderate 
conduction losses in MOSFET MSR1. As it has been 
mentioned, choosing a different zener diode (in this case, 
with VZ_1=17.5 V) would lead to a situation in which the 
lower limit is not exceeded by VGS_1 but the upper one 
actually is. Therefore, the problem of the circuit proposed 
in Fig. 4b is that the slope value of VGS_1 in Fig. 6 is too 
high and it is not possible to select a zener diode that 
ensures that VGS_1 is inside the limits for any input and 
output voltages combination. It is possible to solve this 
problem by using the driving circuit presented in Fig. 7a 
for MSR1. It should be noted that the scheme of the driving 
circuit for MSR2 keeps unchanged. It should be also noted 
that capacitor CW is going to be charged to a voltage VCW 
equal to the voltage of the secondary winding Ns2 when 
Vtr_2 is positive (i.e., MSR1 is turned on): 
CW g 2V (1 D)·V ·n= −
. 
(10)   
Therefore, the voltage VGS_1 when MSR1 is turned 
on can be expressed as: 
GS _1 g 1 2 CW Z _1
g 1 Z _1
V (1 D)·V ·(n n ) V V
(1 D)·V ·n V
= − + − −
= − −
, 
(11)   
As can be seen in Fig. 7b, the slope of the equation 
(11) is lower than in (8) and, therefore, now it is possible 
to find a value of VZ_1 (different from the value proposed 
Fig. 4. a) High-switching losses SD-SR circuit; b) Proposed SD-
SR circuit. 
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Fig. 5. a) Path of the current when charging the gate capacitance; 
b) Path of the current when discharging the gate capacitance. 
in Fig. 6) that makes VGS_1 to be inside the limits for any 
input voltage. In other words, CW cancels the voltage of 
one of the secondary windings. 
As it can be seen, the two proposed circuits (see 
Fig. 7a) allow SD-SR to be used in the AHB, maintaining 
the voltage across the gate of the SR MOSFETs in 
between the limits needed for their suitable operation. All 
the figures shown in this section presents the gate voltages 
for an output voltage of 12 V and an input voltage ripple of 
12%. Nevertheless, the circuits proposed in Fig. 4 and Fig. 
7 can be adapted for other conditions of output voltage and 
input voltage ripple. 
IV. FEED-FORWARD TECHNIQUE 
As high reliability is achieved by, among other 
things, not using electrolytic capacitors in the LED driver 
implementation, the output voltage of the first stage is 
going to be affected by a low-frequency ripple that cannot 
be neglected. As it has been said, if this ripple reaches the 
LED string, it may cause serious flickering problems, 
aggravated due to the low value of the dynamic resistance 
of the HB-LEDs. Therefore, it is mandatory for the second 
stage to cancel this ripple. Nevertheless, it is very well 
known that the AHB has a complex transfer function 
between the control parameter (duty cycle) and the 
controlled parameter (output voltage or current) [15]. This 
fact makes difficult to design a control feedback loop fast 
enough to attenuate the input ripple properly. This 
difficulty increases if the converter is designed at 
relatively-low switching frequency in order to obtain as 
high efficiency as possible. It should be noted that the 
operation at relatively-low frequency does not represent a 
big penalty for the inductor size due the special waveform 
presented by the voltage VLf (see Fig. 2). 
The small-signal analysis presented in [15] leads to 
the following equations: 
( )
( )
o
vo _ d 1 2 g
ˆVg 0
21 2 m
m p 1 2
1 2 1 2 l
2 2 m
m p 2
2 f
f f
l
vˆG (s) N N ·V ·
ˆd
N N L
·L ·C ·s · n n ·M· ·s 1
N N N N R
· ·
LL ·C ·s N · ·s 1
Z(s)
1
·
LL ·C ·s ·s 1
R
=
= = +
+ + +
+ +
+ +
+ +
 
(12)   
where, 
1 1 2N n ·(1 D) n ·D= − −
, 
(13)   
2 2 1N n ·(1 D) n ·D= − −
, 
(14)   
( )1 2M n n ·D·(1 D)= + −
, 
(15)   
p 1 2C C C= +
, 
(16)   
2
f f l f l
l f
L ·C ·R ·s L ·s RZ(s)
R ·C ·s 1
+ +
=
+ . 
(17)   
In this equations, upper-case letters represent 
constant values, lower-case letters represent variable 
values and lower-case letters with ^ represent perturbed 
values. Lm is the magnetizing inductance of the 
transformer, Rl is the load resistance, Lf is the inductance 
of the output filter and Cf is its capacitance. It should be 
taken into account that (12) relates the output voltage with 
the duty cycle (transfer function GVo_d(s)). The transfer 
function between the output current and the duty cycle can 
be easily obtained by dividing GVo_d(s) by the dynamic 
Fig. 6. VGS of MSR_1 and MSR_2 for the maximum and 
minimum output voltage and for the whole input voltage 
range. 
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Fig. 7. a) Proposed SD-SR driving circuit and b) resulting gate 
voltages. 
(VZ_1=11 V, VZ_2=3 V, Vg_nom=425 V, Vg_max=450 V, Vg_min=400 
V, n1=0.084, n2=0.04, Vout_max=12 V, Vout_min=6 V.). 
resistance of the load (i.e., total dynamic resistance of the 
LED strings). As it was mentioned in section I, depending 
on the number of LED strings connected in parallel to the 
same AHB, the most suitable variable to be controller may 
be the voltage (if several string are connected in parallel to 
the same AHB) or the current (if each string is connected 
to its own AHB converter). 
Equation (12) allows us to detect a resonance 
(double pole, double zero) between the input capacitors 
and the magnetizing inductance of the transformer. The 
double pole is located at a frequency fdp equal to: 
dp
m p
1f
2· · L ·C
=
pi , 
(18)   
while the double zero is located at a frequency fdz equal to: 
1 2
1
dz
m p
N N
N
f
2· · L ·C
+
=
pi . 
(19)   
Normal values of Lm and Cp for this kind of 
application result in relative low values of fdp and fdz 
(around some kHz). Besides, the double pole is not located 
at the same frequency as the double zero. Therefore, they 
do not cancel each other and this makes difficult to 
implement a feedback loop controller fast enough to cancel 
the low-frequency ripple of the output voltage (or current). 
In other words, the crossover frequency which assures the 
stability of the AHB is not high enough to guarantee that a 
100-Hz or 120-Hz ripple is properly attenuated. However, 
it should be noted that the load variations (i.e., variations 
in the characteristics of the HB-LEDs, such as dynamic 
resistance, knee voltage, relation between forward current 
and emitted light, etc.) are very slow because they are 
determined by the warming-up of the LEDs. Therefore, the 
dynamic requirements of the AHB are not due to the load 
variations but due to the input voltage ripple. Taking this 
into account, the control strategy is going to be split in two 
control loops: a feedback loop and a feed-forward loop. 
The feedback control is only in charge of regulating 
the output voltage/current according to the aforementioned 
thermal process of the LEDs. Therefore, it can be a very 
slow, simple and stable controller, overcoming the 
inherent problem of the regulation of the AHB. On the 
other hand, the feed-forward loop is going to be 
specifically designed and optimized for attenuating the 
effect of the input-voltage, low-frequency ripple without 
affecting the converter stability. Obviously, there are 
situations that need to be solved in a very short period of 
time (open-circuit failure, short-circuit failure, etc.). 
Actually, those situations are normally cleared by standard 
protection circuits. 
The proposed solution is shown in Fig. 8. For 
designing the feed-forward compensator, it should be 
taken into account that it consists of three different and 
very simple stages. The first one, K, is a voltage divider 
for sensing the input voltage of the AHB. The second 
stage, Glfr_svg(s), is a first-order band-pass filter designed 
for twice the line frequency. The third stage, FF(s), is the 
transfer function of a compensator that has to be wisely 
designed in order to attenuate the effect of the low-
frequency ripple. For doing so, the transfer function 
Gvo_vg_ff(s) that relates the input and the output voltage of 
the AHB when the feed-forward loop is implemented can 
be obtained from Fig. 8: 
o
vo _ vg _ ff
g ˆVref 0
vo _ vg vo _ d lfr _ svg
m
vo _ d
m
vˆ G (s)
vˆ
1G (s) ·K·G (s)·G (s)·FF(s)
V
G (s)·PI(s)
1
V
=
= =
+
=
+
,
 
(20)   
where PI(s) is the transfer function of the feedback 
compensator, Vm is the peak-to-peak value of the saw-
tooth waveform shown in Fig. 8 and Gvo_vg(s) is [15]: 
2m m
vo _ vg
2 2 m
m p 2
2 f
f f
l
L ·C
·s 1
MG (s) M· ·
LL ·C ·s N · ·s 1
Z(S)
1
· LL ·C ·s ·s 1
R
+
=
+ +
+ +
,
 
(21)   
m 2 1 1 2C n ·(1 D)·C n ·D·C= − +
. 
(22)   
Although equation (20) may seem complex, it 
should be observed that this equation is valid for any 
frequency. As has been explained, the crossover frequency 
of the feedback loop ffb is considerably lower than 100-120 
Hz in order to assure stability. Hence, in this analysis 
GVo_d(s)·PI(s)/Vm can be disregarded due to the low value 
of PI(s) at those frequencies (frequencies higher than ffb) 
and, as a consequence, the transfer function (20) becomes: 
vo _ vg _ ff f ffb
vo _ vg vo _ d lfr _ svg
m
G (s)
1G (s) ·K·G (s)·G (s)·FF(s)
V
>>
=
= + . 
(23)   
The maximum ripple rejection takes place when 
(23) is equal to zero and that happens when the transfer 
function of the feed-forward compensator satisfies: 
Fig. 8. Block diagram of an AHB with a feed-forward loop. 
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(24)   
The optimum compensator can be easily calculated 
considering the value of GVo_Vg(s), GVo_d(s), and Glf_SVg(s) 
in equation (24) at twice the line frequency 2ωL (i.e., low 
frequencies): 
m
L P
1 2 g
M·VFF(2 · j) FF
K·(N N )·Vω = = − + . (25)   
From (13), (14) and (15), (25) becomes:/ 
m
P
g
D·(1 D)·VFF (1 2·D)·V ·K
−
= −
−
. 
(26)   
Considering that equation (4) allows us to obtain 
the value of D as a function of Vo and Vg, the previous 
equation can be expressed as: 
( )
m o
P 2
g 1 2 o
g 1 2
V ·V 1FF ·
V ·K· n n V1 4·
V ·(n n )
=
+
−
+
. (27)   
Fig. 9a shows the audiosusceptibility with feed-
forward (Gvo_vg_ff(s)) and without feed-forward for a 
practical example. As can be seen in this figure, the 
audiosusceptibility of the AHB improves if the feed-
forward loop is included and FF(s) is properly designed 
(i.e., according to equation (26)). In this example, the 
audiosusceptibility decreases from -37 dB to -80 dB at 
100-120 Hz when the feed-forward loop in used. 
Nevertheless, real results are not going to be as good as the 
theoretical ones because it should be taken into account 
that equation (26) depends on the duty cycle D and on the 
input voltage Vg, which have been assumed constant in the 
analysis (i.e., capital letters represents constant values). 
However, the duty cycle is not constant as it is going to be 
changing in order to attenuate the input voltage ripple (i.e., 
changes in the input voltage). This fact would not 
represent any problems in a converter in which there were 
a linear relation between the output voltage and the duty 
cycle, such as in the Buck converter. Nevertheless, as can 
be seen from (4), the output voltage depends, among other 
variables, on the square value of the duty cycle in the 
AHB. Hence, for high values of D, the effectiveness of this 
solution may be reduced as (26) becomes strongly non-
linear, as can be seen in Fig. 9b. As a consequence, the 
ripple attenuation that can be achieved with the proposed 
feed-forward loop is only partial and it may be valid for 
low or medium-quality applications. Nevertheless, it is 
possible to enhance the feed-forward effect on the AHB by 
a modification of the feed-forward loop. 
In Fig. 10, a feed-forward loop that distinguishes 
between increments and decrements of the input voltage is 
presented. The voltage divider and the band-pass filter 
remain unchanged. Nevertheless, the output signal of this 
filter is split in two. The precision rectifier Di_1 cancels any 
negative value of its input signal, keeping only the positive 
part of the voltage ripple, while the precision rectifier Di_2 
cancels any positive value. As a consequence, it is possible 
to use different feed-forward transfer functions (FF1(s) and 
FF2(s)) for the positive and the negative part of the ripple. 
The outputs of both transfer functions are added, resulting 
in an asymmetrical (due to the difference between both 
transfer functions) control signal optimized for the ripple 
attenuation. Due to the non-lineal relation between the 
duty cycle and the output voltage, even with two different 
transfer functions it is impossible to totally cancel the 
Fig. 9. a) Theoretical audiosusceptibility of the proposed feed-
forward technique (Vg_nom=425 V, n1=0.084, n2=0.04, Vout=12 V, 
Iout=5 A, K=0.0033); b) FFp for different input voltages and duty 
cycles. Fig. 10. Block diagram of the proposed feed-forward technique. 
effect of the low-frequency ripple on the output voltage. 
Nevertheless, it allows us to considerably reduce the ripple 
in the output voltage and output current of the LED driver. 
Calculating FF1(s) and FF2(s) can still be done by 
using equation (26), but different values of D and Vg have 
to be chosen for calculating the gain of each transfer 
function (actually, for calculating FFp_1 and FFp_2). 
Moreover, it is not obvious to choose these values to 
optimize the ripple attenuation. Therefore, it is more 
recommendable to use equation (27), which simplifies the 
calculation as it depends on the input voltage and the 
output voltage (which can be considered constant and 
equal to its maximum value) and not on the duty cycle. 
In Fig. 11, the simulation results are given for an 
AHB without feed-forward, with single feed-forward and 
with double feed-forward (experimental results will be 
provided in section V). As can be seen, when the feed-
forward is not used (Fig. 11a) the closed loop compensator 
cannot cancel the low-frequency ripple and the output 
current ripple is as high as 40%. When the simple feed 
forward is used (Fig. 11b), current ripple decreases to 7% 
and, as can be seen, the ac component of the control 
voltage Vc has the same amplitude during both half-
periods. When the double feed-forward technique is used 
(Fig. 11c), the current ripple decreases to 4% due to the 
possibility of independently adjusting the gain of each 
feed-forward compensator (FFp_1 and FFp_2). It should be 
mentioned that in Fig. 11b, the output current presents a 
hardly significant 100-Hz component and a significant 
200-Hz component. The reason for the 200-Hz ripple is 
that the static transfer function between the output voltage 
and the input voltage is nonlinear (see (4)). As a 
consequence, the perfect cancelation of the 100-Hz ripple 
would need a nonlinear feed-forward compensator. As the 
single feed-forward loop used Fig. 11b is linear (its gain is 
fixed), the cancelation of the ripple is not perfect and a 
200-Hz component appears. It should be noted that the 
amplitude of this 200-Hz ripple is greater than the 
amplitude of the hardly-significant 100-Hz ripple. This 
hardly-significant 100-Hz component is the reason why, in 
Fig. 11b, the value of the current at t=2.5 ms is slightly 
higher than the current at t=7.5 ms. However, it should be 
noted that the amplitude of the 200-Hz ripple obtained 
using the single feed-forward (Fig. 11b) is considerably 
lower than the amplitude of the 100-Hz ripple obtained 
when no feed-forward technique is used (Fig. 11a). 
Finally, Fig. 11c shows that the achieved ripple 
attenuation with the double feed-forward technique is 
better when the input voltage increases (Vc decreases) 
rather than when the input voltage decreases (Vc 
increases). The reason is that equation (4) is more linear 
when the duty cycle is lower and, as a consequence, the 
ripple attenuation is better and more precise when the duty 
cycle decreases. 
The key point of the proposed control stage (i.e., 
designing a slow closed loop controller for adjusting the 
average value of the output current and a fast feed-forward 
loop for cancelling the low-frequency ripple) is that it 
allows the AHB to be used in lighting applications without 
flickering problems (low-frequency ripple has been 
reduced from 40% to 7% or 4%) while keeping the 
advantages of its high efficiency and small output filter 
(i.e., it can be implemented without electrolytic capacitor). 
Another important point is that the difference between the 
ripple with the single feed-forward loop and the ripple 
with the double feed-forward loop is 3%. First, this 3% 
represents reducing the ripple nearly to the half (from 7% 
to 4%). Second, this reduction is achieved at virtually no-
cost: the difference in the control stage is the additional 
compensator FF2(s), which represents just one more low-
cost operational amplifier. Therefore, although both feed-
forward techniques offer satisfactory results, for high-
quality applications in which the flickering has to be 
strongly reduced, the double feed-forward technique 
represents the best option at the same cost. 
 
 
 
Fig. 11. Simulation results for an AHB with a) no feed-forward loop; b) single feed-forward loop; c) double feed-forward loop. For 
these simulations: Vg_nom=425 V, Vg_max=470 V, Vg_min=380 V, n1=0.084, n2=0.04, Vout=12 V, Iout=5 A, K=0.0033. 
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V. EXPERIMENTAL RESULTS 
A 60-W prototype (see Fig. 12) has been built in 
order to verify the proposed feed-forward technique and 
the proposed SD-SR driving circuits. The output voltage is 
12 V and the nominal current is 5 A (standard requirement 
in LED lighting applications). The input voltage of the 
AHB is provided by a Boost converter with a nominal 
output voltage of 425 V and a low-frequency ripple of 
15%. The output capacitor of this Boost converter is 
implemented with Metallized Polypropylene (MKP) film 
capacitors from EPCOS high density series. The 
transformer is built with an ETD34 while the output 
inductor is built with a vertical E30. The MOSFETs in the 
primary side are STD12N65 and the MOSFETs in the 
secondary side (two in parallel) are NTD5867. The 
Schottky diodes in parallel with the secondary MOSFETs 
are MBRD660CT. The load used for carrying out the tests 
consists of 15 LED strings in parallel with 3 LEDs per 
string. These LEDs are W4218T2-SW from Seoul 
Semiconductors (distributed by Avnet). They belong to the 
Z-Power LED family. Their nominal forward current is 
0.350 A and their nominal forward voltage is 3.25 V (the 
nominal power of each LED is 1.14 W). 
In Fig. 13, the ZVS achievement in primary 
switches is shown. In this particular case, the energy stored 
in the leakage inductance was not enough and it was 
increased by adding some gap to the transformer core as 
explained in [14]. 
In Fig. 14a, the output current and the output 
voltage are shown when the input voltage is affected by a 
100-Hz peak-to-peak ripple of 15% (also shown in Fig. 
14a) and the proposed feed-forward technique is not used. 
As it has been explained in section IV, the designed 
feedback loop cannot cancel the output voltage ripple due 
to the low switching frequency chosen in order to maintain 
low switching losses. Moreover, the peak-to-peak output-
current ripple is even higher, reaching 35%, due to the low 
value of the dynamic resistance of the LEDs. In Fig. 14b, 
the results obtained with the single feed-forward loop 
proposed in Fig. 8 are presented. As can be seen, the 
output voltage and output current low-frequency ripples 
are considerably reduced (output current ripple is around 
10%). Nevertheless, the optimization cannot be achieved 
for all input voltages. In Fig. 14c, the results with the 
double feed-forward loop are shown. As can be seen, 
output ripple is reduced due to the possibility of 
optimizing two different gains in the feed-forward loop. 
The resulting low-frequency ripple is as low as 4% and it 
has been obtained with a converter without electrolytic 
capacitor. Therefore, it is perfectly valid for any high-
quality application which demands high reliability and low 
output current ripple. 
Regarding SD-SR, Fig. 15a shows the voltage in 
the secondary side of the transformer (Vtr_2) for the 
nominal input voltage. As can be seen, when Vtr_2 is 
positive, its value is considerably higher than the 
maximum VGS voltage withstood by the MOSFET gate. 
Therefore, it cannot be directly used as driving signal. 
When it is negative, the value is valid as driving signal. 
Nevertheless, this is not true for any input voltage, as can 
be seen in Fig. 3. Nevertheless, the driving signals can be 
adapted to be inside the minimum and maximum limits for 
a proper operation of the SR MOSFETs (see Fig. 15b) 
Fig. 12. Photograph of the prototype. Fig. 13. ZVS achievement in primary switches 
Fig. 14. Output current, output voltage and input voltage ripple when: a) the feed-forward technique is not implemented; b) the single 
feed-forward technique is implemented; c) the double feed-forward technique is implemented. 
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when the driving circuits proposed in Fig. 10 are used. 
Besides, the two driving signals when the input voltage is 
affected by the low-frequency ripple are shown in Fig. 
15c. As can be seen, none of the limits (20 V for the upper 
limit and around 6-7 V for the lower one) is exceeded 
thanks to the driving circuit design. It should be mentioned 
that high-value resistors have been connected in parallel to 
the capacitors used in the driving circuits of SR MOSFETs 
in order to allow them to adapt its voltage to the voltage 
variations caused by the low-frequency ripple. 
The efficiency for different dc input voltages is 
shown in Fig. 16a. It should be taken into account that, 
apart from reliability, the other main concern is efficiency. 
As can be seen, it reaches a maximum peak of 94.5%. 
Considering that the Boost converter operating in BCM 
reaches an efficiency as high as 97-98%, the overall 
efficiency of the whole topology (two-stage topology) is as 
high as 91.6-92.6%, which is an outstanding result for a 
12-V LED driver without electrolytic capacitors. In Fig. 
16b, the efficiency when the input voltage is affected by 
different peak-to-peak 100-Hz relative ripples is shown. 
Finally, it may be interesting to analyse which is the 
most suitable switching frequency for this topology. In 
Fig. 16c, the efficiency for different switching frequencies 
is shown. The magnetic components (transformer and 
inductor) are designed choosing the most suitable core 
material, number of turns, etc. in order to optimize the 
magnetic-component design for the chosen switching 
frequency but keeping the same size (ETD34 for the 
transformer and E30 for the inductor). In this way, 
efficiency results can be directly compared. As can be 
seen, efficiency increases as switching frequency 
decreases. Considering that size is mainly determined by 
the first-stage output capacitor, the switching frequency 
reduction in the second stage does not significantly affect 
the overall size while it increases the efficiency. 
VI. CONCLUSIONS 
Two-stage LED drivers are normally used when the 
topology cannot be implemented with electrolytic 
capacitors. In this case, the first stage is in charge of 
performing the power factor correction, providing an 
output voltage with large low-frequency ripple because of 
the use of non-electrolytic capacitors while observing size 
constraints. This low-frequency ripple must be attenuated 
by the second stage. The AHB is a topology with 
outstanding characteristics for being used as this second 
stage. Its output filter is smaller than in other topologies so 
that it can be easily implemented without electrolytic 
capacitors either. Besides, it provides galvanic isolation 
(sometimes a customer requirement, especially in low-
output-voltage applications) with very high efficiency. 
Nevertheless, its controller cannot be as fast as needed in 
order to cancel the low-frequency ripple in its input 
voltage due to stability reasons. Taking into account that 
the LEDs are slow loads, it is possible to design a feed-
forward loop optimized for cancelling this low-frequency 
ripple while the closed loop control assures stability and 
Fig. 15. a) Voltage of the secondary side of the transformer; b) VGS of both SR MOSFETs; c) VGS of both SR MOSFETs when the input 
voltage is affected by a 20% peak-to-peak relative ripple. 
Fig. 16. Efficiency for a) different input voltages; b) different peak-to-peak relative ripples (Vg=425 V); c) different switching frequencies. 
Note: a) and b) are obtained for a switching frequency of 50 kHz. 
output voltage regulation due to variations in the 
characteristics of the LEDs, which are determined by their 
warming-up. 
For low-output-voltage applications, SR is 
mandatory in order to obtain high efficiency. In this paper, 
a SD-SR technique specially designed for the AHB is 
proposed. This specific design takes into account that the 
voltage in the secondary side of the transformer of the 
AHB changes, not only with input voltage variations, but 
also with the output voltage variations due to dimming. 
Experimental results with a 60-W prototype with an 
output voltage of 12 V validate the proposed feed-forward 
technique and the proposed SD-SR circuit. No electrolytic 
capacitor is needed and the efficiency in the AHB is as 
high as 94.5%. Taking into account that the first stage is a 
Boost converter with efficiency as high 97% (and without 
electrolytic capacitor), the overall efficiency of the 
proposed topology is 91.6%, considerably higher than in 
other electrolytic-capacitor-free topologies with the same 
output voltage. 
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